Abstract
The electron-vibration coupling in a family of silyl end-capped oligothienoacenes (TIPS-Tn-TIPS, n = 4−8) is studied on the basis of a joint experimental and theoretical study using UV-Vis absorption and emission spectroscopies and density functional theory (DFT) calculations. Wellresolved vibronic progressions are found in the low-temperature absorption and emission profiles of these silyl-functionalized organic molecules. As the size of the oligomer lengthens a bathochromic shift is observed in the near-UV-Visible range, indicative of the extension of the effective -conjugation. The absorption and emission bands are practically mirror-symmetric.
The combination of two normal modes with frequencies of ~ 1500 cm -1 and ~ 500 cm -1 determines the main vibronic progression in absorption and emission for all the series, although for larger oligomers (n = 6, 7, and 8) the presence of low-frequency normal modes (~ 100 cm -1 )
is also evident. The spacing of the vibrational features is slightly larger in absorption than in emission; this agrees with the predicted shifting of the C−C stretching modes of the inner-most ring toward the high-frequency region as a result of the reversal of the single-double C−C pattern in the electronic excited state. Our calculations indicate that the contributions of the TIPS groups to the total relaxation energy of the S 0  S 1 and S 1  S 0 transitions are almost negligible. This result suggest that the vibronic structure and to a large extent the spectral profiles of the silyl end-capped oligothienoacenes are mainly determined by their respective oligothienyl core.
I. Introduction
Currently, -conjugated oligomers, such as oligoacenes and oligothiophenes are amongst the most widely studied molecular materials involved in the development of the next generation of optoelectronic devices such organic solar cells and organic field-effect transistors. [1] [2] [3] [4] Among the many different molecular materials for organic electronic applications, oligothienoacenes (linearly fused thiophenes) are of particular interest because they combine the rigid planarity and extended conjugation of acenes with the chemical stability of oligothiophenes. [5, 6] Unfortunately, the structural rigidity of these materials limits its solubility in common organic solvents, which in turn, restricts their use in the development of solution-processed organic semiconductors. To overcome this problem, oligothienoacenes are frequently functionalized with solubilizing trimethylsilyl (TMS) and triisopropylsilyl (TIPS) substituents, which aid in purification and solution processability. [5] [6] [7] [8] However, despite the important role of the silyl groups in the solubility properties of molecular materials for organic electronic applications, only a few studies up to date have investigated the electronic and optical properties and electron transfer characteristics of silyl-functionalized -conjugated oligomers. [9] [10] [11] On the other hand, even though qualitative interpretations of the well-resolved absorption and emission spectra of oligoacenes can be found in the literature, [12, 13] to the best of our knowledge, a detailed analysis of the vibronic features in silyl end-capped oligothienoacenes has not yet been conducted.
In our previous studies, we analyzed the structural, electrochemical, and optical properties of a series of triisopropylsilyl end-capped oligothienoacenes to gain insight into the fundamental structure-property relationships with the addition of each fused thiophene ring. We found that the selective enhancement of a very limited number of Raman scatterings is related to strong vibronic coupling between selected skeletal (C=C) stretching modes in the 1600-1300 cm -1 range and their respective frontier molecular orbitals. [11] Amplified spontaneous emission was observed in the pentathienoacene derivative doped into polystyrene films indicating that this material is a good candidate for active laser materials. [14] Cyclic voltammetry also reveals the formation of stable radical cations for all these oligothienoacenes, and the formation of dications only for the octamer and the heptamer. [15] The absorption and fluorescence spectra show partially resolved vibronic structures even at room temperature due to the absence of conformational disorder, at low temperature, the absorption spectra of all the series and the emission spectra recorded only for selected systems (i.e., for the pentamer and octamer) show two different vibrational progressions with an energy splitting, corresponding to vibrational modes with energies of  1 ~ 1530 cm -1 and  2 ~ 490 cm -1 . [15] In this contribution, we focus on the analysis of the vibronic structure and optical properties of a series of silyl end-capped oligothienoacenes (TIPS-Tn-TIPS, where n indicates the number of fused thiophene rings) ranging in length from the tetramer to octamer (see Figure 1 ) by using experimental spectroscopic data and quantum-chemical calculations. UV-Vis absorption and fluorescence emission spectroscopy measurements are used to investigate the spectral profiles of all the series in the ground and first singlet excited state at low (78 K) and room temperature.
We also employed density functional theory (DFT) and time-dependent DFT (TD-DFT) quantum-mechanical calculations to provide a detailed understanding of the electronic and vibrational interactions and their impact on the characteristics of the absorption and emission profiles of silyl end-capped oligothienoacenes. When compared against the non-silylfunctionalized oligothienoacenes, the DFT-calculated energies of the frontier molecular orbitals of the silyl-functionalized oligothienoacenes point to an effective silicon-induced hyperconjugation effect, which is more pronounced in the shorter molecules (n = 4 and 5). Our calculations also reveal that the end-capping silyl groups have an almost negligible contribution to the total structural (intramolecular) reorganization energy upon electronic excitation. This finding suggests that although functionalization with TMS or TIPS groups may affect the overall charge carrier characteristics (mainly due to significant changes in the solid state packing induced by the presence of bulky end-capping silyl groups), to a large extent the vibronic coupling properties in silyl end-capped oligothienoacenes are mainly determined by their oligothienyl molecular backbone. Finally, the theoretically estimated vibrational frequencies and vibronic coupling constants of the silyl end-capped molecules are used to simulate their experimental absorption and emission spectral profiles. Figure 2 represents the potential energy surfaces (PES) for the electronic states S 0 and S 1 corresponding to the ground and excited state of the molecule, respectively. The intramolecular reorganization energy  reorg during an electronic transition consists of two terms related to the geometry relaxation energies upon going from the ground-state geometry to the excited-state geometry and vice-versa, λ is related to the relaxation of the molecule to its ground-state potential energy minimum after emission. These two energy terms can be computed directly from the adiabatic potential energy surfaces, as schematically indicated in Figure 2 and described in detail, e.g., in References [16, 17] . The contribution of each vibrational mode to  rel was obtained by expanding the respective potential energy surfaces into a power series of the normal coordinates. In the harmonic approximation, the relaxation energy  rel is defined as: [18, 19] 
B. Computational and Theoretical Methodology
Here, the summations run over the vibrational modes; Q i represents the displacement along the normal mode (NM) i between the equilibrium positions of the two electronic states of interest; k i and  i are the corresponding force constants and vibrational frequencies; S i denotes the HuangRhys factor (dimensionless electron-vibration coupling constant).
The Huang-Rhys factors S i related to the S 0 −S 1 transitions (and vice-versa) were computed using a modified version of the DUSHIN program developed by Reimers. [19] The shapes of the emission and absorption spectra were simulated in the framework of the Born-Oppenheimer and Franck-Condon approximations according to the procedure described in detail elsewhere. [17] In these calculations, the B3LYP frequencies of both the ground and excited state have been scaled, according to the literature, with the same empirical factor of 0.9613. [20] Note also that for the simulation of the emission spectra the cubic frequency dependence was not taken into account;
for specific details of this effect on -conjugated molecular systems, see for example Reference [21] . The convolution of the resulting spectra was carried out with Gaussian function of uniform width,  FWHM = 0.03 eV for TMS-Tn-TMS. The onset of the simulated spectra was chosen to match the maximum of the first peak of the simulated spectrum with the maximum of the (0-0) absorption (emission) line found experimentally.
For the sake of computational convenience and efficiency, in all the quantum-chemical calculations the bulky triisopropylsilyl substituents shown in Figure 1 were replaced by trimethylsilyl groups. First, the optimized equilibrium structure and vibrational normal modes of the S 0 state were obtained using DFT; for the S 1 state both the geometry optimization and vibrational normal modes calculations were obtained from TD-DFT. [22, 23] Geometry determination at the TD-DFT level was recently shown to reproduce very well the vibronic structures in the absorption spectra of many large organic molecules. [24, 25] In all cases, we employed the B3LYP exchange-correlation functional [26, 27] and the 6-31G(d,p) [28] [29] [30] basis set, as implemented in the TURBOMOLE package.
[31]
III. Results and Discussion
A. Experimental Spectra Figure 3 displays the normalized UV-Vis absorption and fluorescence spectra of TIPS-Tn-TIPS recorded at low (78 K) and room temperature. Table 1 shows the wavelengths of the absorption and fluorescence emission maxima recorded at both temperatures. [6] . ss
At room temperature, the normalized absorption and fluorescence emission spectra of all the TIPS-Tn-TIPS oligomers show a broad spectrum with partially resolved vibronic structures in good agreement with our previous data. [14, 15] The appearance of vibrational fine structure in the absorption spectra in solution is a fairly unique property of oligothienoacenes, which is generally not observed in non-fused -oligothiophenes. [33] This, in principle, is attributed to the rigidity of the fully-fused thiophene backbone, which drastically reduces the conformational disorder. In our previous work, [15] the single excited electronic states of all these oligomers were calculated at the TD-DFT level. In good agreement with the experimental data, the existence of one strong electronic transition in the near-UV-Visible range which undergoes a large bathochromic shift as the oligomer lengthens is predicted. This transition implies the excitation to the first excited state S1, which is shown to increase in intensity with the oligomer length (i.e., larger f values). This agrees with the slight increase in the molar absorption coefficient. The fluorescence spectrum recorded at room temperature is also structured; a quite small shift is observed between the corresponding first peaks in UV-Vis absorption and photoluminescence spectrum, which becomes smaller as the number of thiophene rings increases. As the -conjugation is extended, the fluorescence quantum yield increases and the emission maximum shifts to longer wavelengths (i.e., from 363 nm and  F =0.08 in TIPS-T4-TIPS to 440 nm and  F =0.39 in TIPS-T8-TIPS, see Table 1 ).
In agreement with our previous data, [15] the vibronic peaks in the UV-Vis and fluorescence spectra of TIPS-Tn-TIPS sharpen and become stronger upon cooling (see Figure 3) . Table S1 .
Silicon substituents are known to induce an effective hyperconjugation when coupled with carbon atoms. [37] In the case of organic semiconductors, this effect has been demonstrated both experimentally and theoretically for various silicon-containing -conjugated organic systems, [38, 39] for which, the *-orbital of the aromatic system mixes effectively with the exocyclic Si-C *-orbital to afford a low-lying lowest unoccupied molecular orbital (LUMO) and a relatively small band gap. In principle, a similar stabilizing effect is also expected for the case of the highest occupied molecular orbital (HOMO) in -conjugated systems. [40, 41] However, as recently observed by Lu et al., [40] 
B. Ground and Excited Structures
We investigate here the geometries of the ground state (S 0 ) and first excited state (S 1 ) obtained from DFT and TD-DFT calculations. The calculated bond lengths changes observed upon excitation for TMS-T4-TMS and TMS-T8-TMS are summarized in Table 2 (see Table S2 in the Supporting Information for the data of the rest of the compounds.) The degree of aromatization/quinoidization of the conjugated backbone can be easily quantified by using the C−C bond-length alternation (BLA) parameter. The BLA parameter is computed for each thiophene ring as the difference between the length of the C  −C  and the average of the two C  =C  bonds. An aromatic ring is thus characterized by a positive BLA value, while a quinoidlike ring shows a negative BLA value. Table 3 collects the BLA values obtained for TMS-Tn-TMS oligomers. In the ground state, the thiophene rings display positive BLA values indicating that their molecular structure is of aromatic-type, in agreement with previous findings. [7, 15] The geometry changes upon excitation from the S 0 state into the optimized S 1 geometry correspond to an elongation of the C  =C  double bonds and a shortening of the C  −C  single bonds, i.e., a switch in bond length alternation. These C−C bond length changes are found to be more pronounced toward the molecular center (i.e., Table 2 for TMS-T4-TMS and TMS-T8-TMS and Table S2 for the rest of compounds). 
C. Reorganization Energy
The Also, we observed that along the series of end-capped oligothienoacenes there are only a couple of normal modes that mainly determine the vibronic progressions in spectra of these molecules (vibrational modes with energies of  1 ~ 1500 cm -1 and  2 ~ 500 cm -1 ). The qualitative characteristics of these vibrations are very similar in both electronic transitions. Thus, one could expect the UV-Vis absorption and fluorescence spectra to be near-perfect mirror images; which, indeed, is the case for the series of TMS-Tn-TMS oligothienoacenes. However, note that the spacing of the vibrational features is slightly larger in absorption than in emission; this agrees with the slightly larger Huang-Rhys factors (see Table 5 and Table S3 ) found for the lowfrequency modes (below 600 cm -1 ) in the S 0  S 1 transition versus those observed for the S 1  S 0 transition. Additionally, the difference in spacing of the vibronic progression peaks in the spectroscopic profiles of these molecular structures is consistent with the widely accepted view that aromatic-like compounds assume a quinoidal form in the electronic excited state. For example, we note that the excited-state properties of the silyl end-capped oligothienoacenes show the typical alternation of single and double carbon-carbon bonds and the characteristic shift of the ring C-C stretching mode toward the high-frequency region of the vibronic spectrum. [44, 45] The change in sign of the BLA values reported in Table 3 (from positive to negative) is also in good agreement with the above arguments. Table 4 . Total relaxation energy  rel of the S 0  S 1 and S 1  S 0 transitions of TMS-Tn-TMS obtained from potential energy surfaces (PES) and normal-mode (NM) calculations. TMS-T4-TMS  207  215  226  220  TMS-T5-TMS  192  198  210  206  TMS-T6-TMS  180  185  198  195  TMS-T7-TMS  171  175  189  186  TMS-T8-TMS  164  168  181  179   20 The decomposition of the value of the  rel into contributions of each normal-mode for the TMSTn-TMS oligothienoacenes permits an assignment of the contributions of the low-and highfrequency vibrations to the total value of the calculated relaxation energies. We found that for both electronic transitions approximately 70% -75% of the relaxation energy comes from highfrequency vibrations in the range of 1200 -1600 cm -1 ; which include a particularly dominant vibration characterized by a C-C stretching of the inner-most rings (see Figure 5 ). On the other hand, the contributions of low-frequency vibrations (below 600 cm -1 ) account for only 25% -30% of the total value of  rel and include vibrations that are near to 500 cm -1 and characterized by stretches along the short molecular axis (i.e., via the C-S-C atoms of the thiophene rings). As an illustrative example of decomposition of the  rel into the normal-mode contributions, the TD-DFT-derived (Huang-Rhys factors, S) related to the S 0  S 1 and S 1  S 0 transitions in TMS-T5-TMS are shown in Table 5 (see Supporting Information for the corresponding data of the other molecular structures investigated in this study). Transition Electron Densities Table 5 . DFT/TD-DFT/B3LYP/6-31G** estimates of frequencies , Huang-Rhys factors S, and relaxation energies  rel related to S 0  S 1 and S 1  S 0 transitions of TMS-T5-TMS (only the most strongly coupled vibrations are shown). In Figure 6 , we present the calculated vibrational coupling (Huang-Rhys factors, S) as obtained from TD-DFT for the complete series of TMS-Tn-TMS compounds. The different plots of Figure 6 show consistent vibronic-coupling interactions with both low-and high-frequency vibrations. Further inspection of the most-strongly coupled vibrations shows that the main distortions occur within the molecular backbone (i.e., the fused-thiophene rings) of the TMScapped compounds. However, we also note that the vibronic-coupling interactions of the larger end-capped oligothienoacenes (TMS-T6-TMS, TMS-T7-TMS, and TMS-T8-TMS) involve a low-frequency vibration at around 100 cm -1 . This vibration (shown in Figure 5 ) involves, for the case of TMS-T8-TMS, distortions of the silyl-based groups accompanied by lateral distortions of the outer-most thiophene rings; whereas for TMS-T5-TMS, this vibration mainly distorts the atomic positions of the silyl groups. This normal mode posses a large Huang-Rhys factor (i.e., 0.411 for the 114 cm -1 mode of TMS-T8-TMS, see Table S3 in the Supporting Information) and therefore has an effect in the absorption and emission spectra. As discussed in section D, this low-frequency vibration leads to a peak broadening of the absorption and emission profiles of the larger end-capped oligothienoacenes, for which the extended motions of the outer-most rings distort significantly the transition electron densities as shown in Figure 5 for TMS-T5-TMS and TMS-T8-TMS (see Figure S2 in the Supporting information for the data of the rest of the compounds). Finally, to investigate the effective contributions of the silyl-groups to the overall intramolecular reorganization energy  reorg , we fixed the motions of the oligothienoacene molecular core in the series of TMS-Tn-TMS oligomers, and computed again their respective  reorg values. We found that the contributions of TMS groups to the total value of  reorg upon an electronic excitation from the S 0  S 1 state and vice-versa, is on the order of 1% (Table 6 ). (meV)  TMS-T4-TMS  5  427  432  TMS-T5-TMS  3  395  398  TMS-T6-TMS  1  370  371  TMS-T7-TMS  1  352  353  TMS-T8-TMS  1  337  338 a The atomic coordinates of the oligothienoacene core were maintained fixed at the S 0 geometry positions during the optimization of the S 1 state. b The atomic coordinates of the TMS substituents were constrained at the S 0 geometry positions during the optimization of the S 1 state.
D. Simulation of the UV-Vis absorption and fluorescence
We employed the results of the normal-mode analysis to simulate the shape of the absorption and emission profiles of the TMS-Tn-TMS molecular compounds. Only vibrational modes with Huang-Rhys factors larger than 0.05 were used in these simulations since modes with smaller Huang-Rhys factors essentially do not contribute to the description of the electronic transitions of these almost-rigid molecular structures. The results of the simulation are presented in Figure   7 . The vibronic features of the experimental and theoretical profiles are in good agreement; highlighting the reliability of the TD-DFT-derived vibronic coupling constants and relaxation energies. However, the experimental intensity distributions cannot be perfectly reproduced by the simulated spectra; the calculated intensities of the (0-1) and (0-2) transitions are smaller with respect to the (0-0) peak than those observed experimentally. This underestimation is likely related to the amount of exact Hartree-Fock exchange in the B3LYP functional, as shown in previous studies. [24, 43, 46] Although, our quantum-mechanical calculations provide access to all of the predicted vibrational modes involved in the absorption and emission processes of the TMS-capped molecular structures, we have determined that at least for TMS-T4-TMS and TMS-T5-TMS, there are also two vibrations that are the most relevant; the first one around 500 cm -1 and the second one in the region of 1450 cm -1 to 1600 cm -1 . However, the situation is different for TMS-T6-TMS, TMS-T7-TMS, and TMS-T8-TMS because, in these molecules, a low-frequency vibration at around 100 cm -1 also becomes important to the absorption and emission processes. This particular vibration, which shows a relatively large Huang-Rhys factor (see Table S3 ) introduces an effective spectral broadening of the absorption/emission features of these three compounds, which is in good agreement with previous reports (see for example, Reference [44] ). In order to account for the broadening effect of this low-frequency vibration, we have also simulated the absorption/emission spectroscopic profiles of the TMS-Tn-TMS oligomers by introducing a frequency cut-off that only considers strongly coupled normal modes with frequencies larger than 400 cm -1 . The simulated spectral profiles are reported in Figure S3 . A simple comparison between the theoretically simulated spectra that used both low-and high-frequency normal modes versus those that only incorporated normal modes with frequencies larger than 400 cm -1 reveals that for the shorter TMS-Tn-TMS (n=4 and 5) oligomers, their spectroscopic characteristics are mainly governed by the high-frequency normal modes (no significant differences between the two simulations, see Figure S3 ). However the simulation comparison suggest that, the larger TMS-Tn-TMS (n=6-8) oligomers require the inclusion of the lowfrequency normal modes modes to account for the moderately broadening and intensity-related observed differences (see Figure S3 ).
It is also important to note that the S 0  S 1 and S 1  S 0 Huang-Rhys factors of ~ 100 cm respectively. This low-frequency mode stretches the thiophene molecular backbone as a whole along the long molecular axis (see Figure 5 ). However, these longitudinal stretches are only more pronounced in the larger end-capped oligothienoacenes (n = 6 to 8), in which the many more internal degrees of freedom, especially those of the outer-most thiophene rings, still distort their respective core-extended transition electron densities, as shown in Figure 5 and Figure S2 . Normalized UV-Vis absorption and fluorescence experimental-spectra of TIPS-Tn-TIPS (solid lines). The dashed lines represent the simulated (theoretical) spectra convoluted with Gaussian functions. Note that for computational efficiency, in all theoretical simulations we used TMS substituents instead of TIPS substituents. The onset of the simulated spectra is chosen to correspond to experimental onset.
IV. Conclusions
This work presents a detailed joint experimental and theoretical analysis of the optical and electronic properties of a family of silyl end-capped oligothienoacenes, which have emerged as a novel class of solution-processable -conjugated compounds for organic electronic applications.
The experimental absorption and emission profiles showed well-resolved vibronic progressions at both low and room temperature, which is indicative of a minimal conformational disorder of the TIPS-Tn-TIPS oligomers upon electronic transitions. Also, the systematic red-shift of the absorption maxima of the silyl end-capped oligothienoacenes with the extension of the -conjugation is in good agreement with the systematic reduction of the calculated HOMO-LUMO gap along the series.When compare to the unsubstituted oligothienoacenes, the insertion of the silyl groups is found to destabilized/stabilized the HOMO/LUMO energies as a consequence of the silicon-induced hyperconjugation effect.
First-principles quantum-mechanical calculations have been used to characterize the experimental absorption and emission profiles of these novel molecular structures. For the smaller molecules (tetramer and pentamer), we found that the vibronic progression of their optical spectra are mainly determined by the presence of two normal modes with frequencies of ~ 1500 cm -1 and 500 cm -1 . However, the larger molecules (hexamer, heptamer, and octamer) are not only characterized by those frequencies but also by the presence of a low-frequency normal mode at around 100 cm -1 . We note that this particular vibration is responsible for the experimentally observed peak-broadening of the vibrational absorption and emission features of these compounds. Also, our theoretical estimates of the intramolecular reorganization energies upon electronic transition and its subsequent partition into the contributions of each normal mode reveal that the vibronic-coupling interactions in silyl end-capped oligothienoacenes are only associated with their respective oligothienyl molecular backbone.
Finally, our results point that a possible route to explore new soluble organic semiconducting materials should, in principle, include functionalization/modification of their respective molecular backbones. We hope that our results will trigger further experimental investigations for the design of new solution processable organic semiconducting materials.
